Amoebae serve as hosts for various intracellular bacteria, including human pathogens. These microbes are able to overcome amoebal defense mechanisms and successfully establish a niche for replication, which is usually the cytoplasm. Here, we report on the discovery of a bacterial symbiont that is located inside the nucleus of its Hartmannella sp. host. This symbiont, tentatively named 'Candidatus Nucleicultrix amoebiphila', is only moderately related to known bacteria (B90% 16S and 23S rRNA sequence similarity) and member of a novel clade of protist symbionts affiliated with the Rickettsiales and Rhodospirillales. Screening of 16S rRNA amplicon data sets revealed a broad distribution of these bacteria in freshwater and soil habitats. 'Candidatus Nucleicultrix amoebiphila' traffics within 6 h post infection to the host nucleus. Maximum infection levels are reached after 96-120 h, at which time point the nucleus is pronouncedly enlarged and filled with bacteria. Transmission of the symbionts occurs vertically upon host cell division but may also occur horizontally through host cell lysis. Although we observed no impact on the fitness of the original Hartmannella sp. host, the bacteria are rather lytic for Acanthamoeba castellanii. Intranuclear symbiosis is an exceptional phenomenon, and amoebae represent an ideal model system to further investigate evolution and underlying molecular mechanisms of these unique microbial associations.
Introduction
Free-living amoebae are important members of microbial communities in terrestrial and aquatic habitats, where they interact with other microorganisms in various ways. They primarily feed on bacteria, fungi and other protists, and thus represent main predators controlling the microbial populations (Rodríguez-Zaragoza, 1994) . However, continuous grazing pressure has facilitated the evolution of mechanisms allowing some bacteria to evade degradation during phagocytosis and to thrive within amoebae (Barker and Brown, 1994; Casadevall, 2008) . After uptake, these bacteria either transiently exploit their eukaryotic host eventually leading to its lysis, or they establish long-term relationships with these protists (Molmeret et al., 2005) .
Many bacteria that are able to infect and propagate within amoebae are well-known human pathogens, such as Legionella pneumophila (Swanson and Hammer, 2000) , Francissella tularensis (Abd and Johansson, 2003) and Mycobacterium tuberculosis (Mba Medie et al., 2011) . In addition, amoebae contain frequently obligate intracellular symbionts that appear to be cosmopolitan in distribution (Fritsche et al., 1993; Horn and Wagner, 2004; Schmitz-Esser et al., 2008) . These include members of diverse evolutionary lineages, most notably the Chlamydiae (Greub et al., 2003; Horn, 2008) . The study of these amoeba-associated microbes provided novel insights in the evolution of pathogenicity and the molecular mechanisms underlying the interaction with eukaryotic host cells (Cazalet et al., 2004; Collingro et al., 2005) .
Intracellular bacteria generally replicate either within host-derived vacuoles or directly in the cytoplasm (Schmitz-Esser et al., 2008; Friedrich et al., 2012) . For example, L. pneumophila blocks phagosome-lysosome fusion, modulates the endosome by manipulating host processes and finally uses it for replication (Isberg et al., 2009) . In contrast, F. tularensis is able to escape the phagosome and replicates inside the host cytoplasm (Santic et al., 2009) . There are only rare cases where other intracellular niches are exploited. Midichloria mitochondrii targets mitochondria (Sassera et al., 2006) , Rickettsia bellii and Endonucleobacter bathymodioli infect the nucleus of ticks or deep sea mussels (Ogata et al., 2006; Zielinski et al., 2009) , and Holospora and Caedibacter species thrive in the nuclei of Paramecium hosts (Goertz, 1986; Fokin, 2004) .
Here, we report the first isolation and in-depth characterization of bacteria thriving in the nucleus of free-living amoebae. These symbionts, for which we propose the name 'Candidatus Nucleicultrix amoebiphila', are members of a novel clade within the Alphaproteobacteria. We describe the infection cycle of these bacteria, analyze their host range and their impact on host fitness, and we show that this novel symbiont clade represents a diverse group of bacteria with global distribution.
Materials and methods
Isolation and cultivation of amoebae An activated sludge sample taken from a nitrifying bioreactor (maintained in our laboratory) was applied to a non-nutrient agar plate based on Page's amoebic saline (PAS; 0.12 g l À 1 NaCl, 0.004 g l À 1 MgSO 4 Â 7 H 2 O, 0.004 g l À 1 CaCl 2 Â 2H 2 O, 0.142 g l À 1 Na 2 HPO 4 , 0.136 g l À 1 KH 2 PO 4 ) containing a layer of heatinactivated Escherichia coli (Page, 1988) . Amoebae propagating on these plates were repeatedly transferred to new non-nutrient agar plates seeded with heat-inactivated E. coli and incubated at room temperature. Finally, amoebae were transferred to culture flasks (Nunclon delta-surface, Thermoscientific, St Leon Rot, Germany) containing PAS and live E. coli tolC À as well as ampicillin (200 ng ml
). Amoeba cultures were screened using fluorescence in situ hybridization (FISH) for the presence of bacterial symbionts.
To obtain clonal cultures with a high percentage of intracellular bacteria, single amoeba from cultures containing bacterial symbionts was picked with a micromanipulator (Eppendorf, Hamburg, Germany) and placed in PAS containing E. coli tolC À and ampicillin (200 ng ml À 1 ) in 96-well culture dishes (Corning, Corning, NY, USA). Cultures were screened using FISH; uninfected cultures were pooled and used as symbiont-free host cells.
Hartmannella vermiformis A1Hsp, Acanthamoeba castellanii Neff, Acanthamoeba polyphaga DOME, Acanthamoeba sp. C1, Acanthamoeba sp. 5a2, Acanthamoeba sp. UWC8 and Naegleria gruberi NEG-M used for infection experiments were incubated at 24 1C in PAS supplemented with E. coli tolC À and ampicillin (200 ng ml À 1 ).
Transmission electron microscopy Amoebae were detached from culture flasks by shaking, and concentrated by centrifugation (3000 g, 8 min). The supernatant was discarded and samples were fixed for transmission electron microscopy (TEM) in 3.5% glutaraldehyde in 0. 
Fluorescence in situ hybridization
Amoeba cells were harvested using centrifugation (3000 g, 8 min), washed with PAS and applied on microscope slides for 30 min to allow attachment of cells before fixation with 4% formaldehyde (15 min at room temperature). A symbiont-specific probe (CBR125, 5 0 -ACCATTCGGCATGTTCCC-3 0 ) was designed using the probedesign/probematch tools of the ARB software package and deposited at probeBase (Ludwig et al., 2004; Loy et al., 2007) . Optimal hybridization conditions for symbiontspecific probes were determined in a series of hybridization experiments with increasing formamide concentrations in the hybridization buffer. In addition, probe EUK516 (5 0 -ACCAGACTTGCCC TCC-3 0 , Amann and Binder, 1990) targeting most eukaryotes, the probe mix EUB338 I-III (5
0 -GCTGCCACCCGTAGGTGT-3; Amann and Binder, 1990; Daims et al., 1999) targeting most bacteria and the negative control probe NONEUB (5 0 -ACTCCTAC GGGAGGCAGC-3 0 ) were used. All probes were purchased from Thermo Fisher Scientific (St Leon Rot, Germany). Hybridization was performed overnight at 46 1C at a formamide concentration of 20% using standard hybridization and washing buffers (Daims et al., 2005) . Cells were subsequently stained with 4 0 , 6-diamidino-2-phenylindole (0.5 mg ml À 1 in PAS, 3 min), washed once with PAS and embedded in Citifluor (Agar-Scientific, Stansted, UK). Slides were examined using a confocal laser scanning microscope (LSM 510 Meta, Zeiss, Oberkochen, Germany) or an epifluorescence microscope (Axioplan 2 imaging, Zeiss) equipped with a CCD camera (AxioCam HRc, Zeiss).
DNA extraction, polymerase chain reaction (PCR), cloning and sequencing DNA was extracted from infected amoeba cultures using the DNeasy Blood and Tissue Kit (Qiagen, Hilden, Germany). Amoebal 18S rRNA genes were amplified by PCR using primers 18SF (5 0 -GTAGTCA TATGCTTGTCTC-3 0 ) and 18SR (5 0 -CGRARACCTTG TTACGAC-3 0 ; Schmitz-Esser et al., 2008) at an annealing temperature of 50 1C. Bacterial 16S rRNA genes were amplified using primers 616V (5 0 -AGAG TTTGATYMTGGCTCAG-3 0 ) and 1492R (5 0 -GGYTAC CTTGTTACGACTT-3 0 ) at an annealing temperature of 52 1C (Juretschko et al., 1998; Loy et al., 2002) .
The intranuclear symbiont Nucleicultrix amoebiphila F Schulz et al Bacterial 23S rRNA genes were amplified using primers 129F (5 0 -CYGAATGGGRVAACC-3 0 ) and 2490R (5 0 -CGACATCGAGGTGCCAAAC-3 0 ) at an annealing temperature of 56 1C (Hunt and KlepacCeraj, 2006) . PCRs typically contained 100 ng template DNA, 50 pmol of each primer, 1 unit of Taq DNA polymerase (Fermentas, St Leon Rot, Germany), 10 Â Taq buffer with KCl and 2 mM MgCl 2 and 0.2 mM of each deoxynucleotide in a total volume of 50 ml. PCR products were purified using the PCR Purification Kit (Qiagen) and were either sequenced directly or cloned using the TOPO TA Cloning Kit (Invitrogen, Darmstadt, Germany) following the manufacturers' instructions. Nucleotide sequences were determined using the BigDye Terminator kit v3.1 (Applied Biosystems, Vienna, Austria) and an ABI 3130 XL genetic analyzer (Applied Biosystems). Newly obtained rRNA gene sequences were deposited at Genbank/EMBL/DDBJ under accession numbers KF697195, KF697196 and KF697197.
Infection experiments
Supernatant of infected amoebae was collected and passed through a 1.2-mm filter (Sartorius, Goettingen, Germany). The filtrate was centrifuged at 10 500 g for 10 min, and the resulting bacterial pellet was washed once with PAS, resuspended in PAS and directly used for infection experiments. Bacterial cell numbers were estimated by counting DAPI-stained bacteria in a Neubauer counting chamber.
All experiments were performed at room temperature, if not stated otherwise. Amoebae were seeded into 12-well plates (Thermoscientific, Hvidovre, Denmark; 3 Â 10 5 cells per well), and bacteria at an estimated multiplicity of infection of 500 were added. After 6 h, amoeba cells were washed twice with PAS to remove extracellular bacteria. At different time points post infection (p.i.), amoebae were detached and amoeba cell numbers were determined with a Neubauer counting chamber. Half of the cell suspension was then used for FISH, and the other half for viability staining.
The percentage of amoebae-containing bacteria in the nucleus was determined by analyzing FISHstained samples. At least 100 amoeba cells were counted per sample. To assess the viability of amoeba cells during infection, amoebae were incubated with propidium iodide (PI; 1.5 mM; Molecular Probes, Eugene, OR, USA) in PAS for 20 min at room temperature in the dark. Samples were washed once with PAS and transferred to a black plate reader dish (Greiner Bio-One, Frickenhausen, Germany), and fluorescence intensities were determined with a Tecan Infinite M200 plate reader (Tecan, Groeding, Austria). Negative controls included PAS and suspensions of uninfected amoebae.
For each time point and condition, at least three replicate infection experiments were analyzed. To test for statistically significant differences (Po0.05) between different conditions and time points, a twoway analysis of variance including the Bonferroni post test was performed using GraphPad Prism (version 6; La Jolla, CA, USA).
Phylogenetic analysis
Phylogenetic analyses were conducted using MEGA version 5 (Tamura et al., 2011) and ARB (Ludwig et al., 2004) . The alignment editor integrated in ARB was used to build alignments based on the current Silva ARB 16S and 23S rRNA databases (Quast et al., 2013) , which were updated with sequences from GenBank/EMBL/DDBJ obtained by sequence homology searches using BLASTn available at the NCBI web site (National Center for Biotechnology Information; Altschul et al., 1997; Wheeler et al., 2008) . The alignment was trimmed to the length of the shortest sequence, manually curated and exported from ARB using a 50% conservation filter. The resulting alignments comprised 103 sequences and 1252 positions for the 16S rRNA and 75 sequences including 2235 positions for the 23S rRNA; the concatenated 16S-23S rRNA data set included 3487 positions. MEGA was used to find the optimal maximum likelihood model, and the GTR þ I þ G model of evolution was selected. Maximum likelihood trees were calculated in MEGA. To evaluate the robustness of the tree topology, 1000 bootstrap resamplings were performed. In addition, MrBayes 3.2 (Ronquist et al., 2012) was used for tree reconstruction. The Bayesian analysis included four Markov chains, consisting of 5 000 000 generations and a sampling every 100 generations. Two simultaneous runs with different random start trees were performed, and the first 25% of samples were discarded. The resulting phylogenetic trees were visualized in iTOL (Letunic and Bork, 2007) .
Screening of 16S rRNA gene amplicon data sets
The screening of amplicon data sets is based on a recently published approach (Lagkouvardos et al., 2013) . Briefly, all raw 454-based 16S rRNA gene amplicon sequence data from environmental samples in the databases SRA and VAMPS (Huse et al., 2010 ; http://vamps.mbl.edu/) were extracted and organized by sample in independent data sets. The databases were searched using BLAST (Altschul et al., 1997) and the fulllength 16S rRNA gene sequence of 'Candidatus Nucleicultrix amoebiphila' as query. The detected amplicon sequences were filtered with respect to size (4200 nucleotides) and alignment length (480% of their size). Extracted sequences that were at least 95% similar to the 16S rRNA of 'Candidatus Nucleicultrix amoebiphila' and that had a length of at least 300 nucleotides were assigned to either of the three data sets covering different regions of a reference alignment including the full-length sequence of 'Candidatus Nucleicultrix amoebiphila'
The intranuclear symbiont Nucleicultrix amoebiphila F Schulz et al and the most similar sequences from GenBank/ EMBL/DDBJ (Wheeler et al., 2008) . To decrease the complexity of the data sets and to account for artifacts caused by sequencing errors, each set of sequences was clustered with UCLUST at a 97% threshold (Edgar, 2010) . Singletons were omitted, and in the case where operational taxonomic units contained multiple sequences from the same sample, only one sequence representative for this sample was kept. Sequences were aligned using SSU-ALIGN for each of the three data sets (Nawrocki and Adviser-Eddy, 2009 ), manually curated and trimmed to the length of the shortest sequence in Jalview (Waterhouse et al., 2009) . Phylogenetic analysis was performed with FastTree2 using the GTR model and the gamma distribution with 20 categories option (Price et al., 2010) . The resulting phylogenetic tree was visualized in iTOL (Letunic and Bork, 2007) .
Results
Isolation of a Hartmannella sp. with bacterial symbionts in the nucleus During a routine screening of a nitrifying bioreactor for free-living amoebae, we obtained an amoeba isolate morphologically resembling Hartmannella species. This was confirmed by 18S rRNA gene sequencing, demonstrating that this amoeba strain, termed Hartmannella sp. FS5, is closely related to known Hartmannella species (Supplementary Figure S1 ). Subsequent analysis of Hartmannella sp. FS5 using FISH demonstrated the presence of bacterial endosymbionts. Surprisingly, we observed that the bacterial FISH signal overlapped with DAPI (4 0 , 6-diamidino-2-phenylindole)-stained amoeba nuclei, although no bacteria were detected in the cytoplasm (Supplementary Figure S2) . This suggested that the bacterial symbionts in Hartmannella sp. FS5 are located in the host nucleus. TEM confirmed the intranuclear location (Figures 1a-c) . Coccoid rods with a length of 0.5-1 mm, a diameter of 0.3-0.4 mm and a Gram-negative-type cell wall were observed directly in the nucleoplasm of infected amoebae.
A novel symbiont related to the Rickettsiales and the Rhodospirillales Sequencing of the 16S and 23S rRNA genes revealed that the Hartmannella sp. FS5 symbionts are novel and only distantly related to known bacteria (B90% sequence similarity). Phylogenetic analysis showed that together with other symbionts of amoebae and The intranuclear symbiont Nucleicultrix amoebiphila F Schulz et al ciliates they form a deep-branching lineage in the Alphaproteobacteria (Figure 2) . However, the relationship of this symbiont clade with other Alphaproteobacteria could not be resolved unambiguously. Different data sets (16S rRNA, 23S rRNA or both genes concatenated) and different treeing methods resulted in conflicting, yet generally wellsupported, tree topologies. The symbiont clade branched off within the Rickettsiales in 16S rRNAbased trees but grouped together with the Rhodospirillales in the 23S rRNA-based trees and in the trees inferred with the concatenated genes (Figure 2 , Supplementary Figures S3-S5) . The name 'Candidatus Nucleicultrix amoebiphila' is proposed for tentative classification of these novel intranuclear bacteria (a formal description is provided as Supplementary Text S1).
'Candidatus Nucleicultrix amoebiphila' also infects Acanthamoeba spp. We next tested whether 'Candidatus Nucleicultrix amoebiphila' (hereafter referred to as Nucleicultrix) is able to infect amoebae other than its original Hartmannella sp. FS5 host. The symbionts were purified and added to various Acanthamoeba, Hartmannella and Naegleria strains; amoeba cultures were screened with FISH 7 days p.i. Nucleicultrix infected Hartmannella vermiformis and four Acanthamoeba strains with different efficiencies, with A. castellanii Neff being the most susceptible Acanthamoeba strain. In these amoebae, Nucleicultrix was always located within the host nucleus (Supplementary Figure S7) . It should be noted, however, that successful infection of Hartmannella spp. was dependent on the simultaneous presence of E. coli as food source (Supplementary Figure S8) , and that no infection was observed in nutrient-rich media. Infection with Nucleicultrix was not detected for Acanthamoeba sp. UWC8 and Naegleria gruberi. Growth of purified Nucleicultrix was also not observed under host-free conditions using a variety of standard laboratory media.
Close association of Nucleicultrix with host cell heterochromatin To obtain more detailed insights into the lifestyle of Nucleicultrix, we examined Hartmannella sp. and A. castellanii at different infection stages using TEM. In both amoebae, the symbiont was only rarely seen in the host cytoplasm, suggesting that Supplementary Figures S3-S5 ; accession numbers of sequences used for phylogenetic analyses are listed in Supplementary Table S1 .
The intranuclear symbiont Nucleicultrix amoebiphila F Schulz et al after uptake Nucleicultrix migrates to the nucleus and does not replicate in the cytoplasm. Bacteria in the cytoplasm were mostly enclosed in vacuoles (Figures 1e and f) , which contained single or few bacterial cells often surrounded by an electrontranslucent space, which might indicate the presence of extracellular polymeric substances. Within the host nucleus, the symbionts colocalized with electron-dense heterochromatin (Figures 1a  and b) . These structures more and more disappeared in strongly infected nuclei, and areas of white, unstructured electron-translucent space increased (Figure 1c) . The infection leads to highly enlarged nuclei, densely packed with bacteria. Infected nuclei may burst (Figure 1d ) or stay intact after host cell lysis (Figure 1h ).
Infection cycle and impact on amoeba hosts
Monitoring of the infection of Hartmannella and A. castellanii using FISH and staining of endocytic compartments showed that Nucleicultrix is taken up by phagocytosis, resides within the phagosome and survives acidification by lysosome fusion. The symbionts escape from the phagolysosome and are detected as individual cells in the cytoplasm as early as 2 h p.i (Supplementary Figure S6) . Nucleicultrix was first seen within the nuclear compartment 4-6 h ( Figure 3, Supplementary Figure S7) Figure S7) . In contrast, host lysis occurred later (at 96 h) and only rarely in Hartmannella. Instead, we observed dividing Hartmannella trophozoites with infected nuclei throughout the course of the experiment, with both daughter cells carrying the symbiont (Figure 4 ). This suggests that Nucleicultrix in Hartmannella sp. is transmitted both horizontally and vertically (Figure 4) .
Host cell lysis in infected Acanthamoeba cultures was further analyzed and quantified using a PI assay, which detects dead cells with disintegrated membranes (Figure 5a) . A significant increase in PI fluorescence intensity was observed at 72 h p.i. in A. castellanii cultures (Po0.05). This assay also demonstrated the general lack of host cell lysis in the original Hartmannella sp. host (Figure 5b ), in which no significant increase in PI fluorescence intensities was detected. This is particularly noteworthy as the proportion of infected cells was generally higher in Hartmannella than in A. castellanii cultures (Figures 5a and b) . At 24 h p.i., Nucleicultrix was present in 30% of all Hartmannella sp. cells but in only 10% of A. castellanii trophozoites when the same multiplicity of infection was used. Although the percentage of infected cells remained at a similar level during the course of the experiment in case of A. castellanii, nearly 80% of all Hartmannella sp. trophozoites contained 6 hpi 24 hpi 48 hpi >120 hpi 96 hpi 72 hpi Figure 3 Infection cycle of 'Candidatus Nucleicultrix amoebiphila' in Hartmannella sp. FS5. Infection was monitored over a course of 144 h and visualized with FISH using probes CBR125 (orange) and EUK516-Cy5 (gray). Single bacterium starts colonizing the nuclear compartment within the first 6 h post infection; the nucleus is completely filled with bacteria after 96 h. Fully infected and highly enlarged nuclei can be observed after 120 h. The course of infection of Acanthamoeba sp. cells is similar (Supplementary Figure S7) . Bar, 5 mm.
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Nucleicultrix at 144 h p.i. (Figures 5a and b) . However, the presence of Nucleicultrix did not have a negative effect on the net growth of both Acanthamoeba and Hartmannella cultures (Figures  5c and d) . The presence of Nucleicultrix also did not affect Hartmannella growth in continuous cultures, even when different incubation temperatures were used (Supplementary Figure S9) .
We were able to maintain Nucleicultrix in continuous Hartmannella sp. cultures for more than 2 years so far, with 30-80% of all amoebae being infected. Moreover, infected Acanthamoeba cultures could be propagated for several months, yet with lower infection rates of 5-20%. Nucleicultrix is able to persist in Hartmannella sp. cysts over longer periods of starvation (Figure 1d ), whereas we never observed infected Acanthamoeba cysts.
Environmental distribution of Nucleicultrix
To investigate the environmental distribution and diversity of Nucleicultrix, we searched 16S rRNA amplicon data sets deposited at SRA and the VAMPS (Huse et al., 2010; Kodama et al., 2012;  http://vamps.mbl.edu; Lagkouvardos et al., 2013) . We retrieved a total of 1356 sequences with a similarity 495% to the 16S rRNA of Nucleicultrix, with the majority of sequences being nearly identical to that of the symbiont (X99%; Supplementary Figure S10 ; Supplementary Table S2) .
Grouping these sequences into operational taxonomic units, dereplication and subsequent phylogenetic analysis showed that Nucleicultrix-related sequences form two clearly distinct clades ( Figure 6 ). The vast majority of sequences originated from freshwater samples (Supplementary Figure S10 , Supplementary Table S2) ; however, both clades also contained sequences from a variety of environments including soil, anthropogenic habitats, humans and animals ( Figure 6 ). Nearly identical sequences were found in different environmental samples originating from geographically distinct regions.
Discussion
This study represents the first identification and characterization of bacterial symbionts colonizing the nucleus of amoebae. So far, bacteria sharing this unusual lifestyle have been mainly found in protozoan hosts: in ciliates (Goertz, 1986; Fokin, 2004) and also in Euglenida (Shin et al., 2003) , Trichonymphida (Dolan et al., 2004) , Cristamonadida (d'Ambrosio et al., 1999), Spirotrichonymphida (Hollande and Carruette-Valentin, 1971 ) and dinoflagellates (Leedale, 1969; Alverca et al., 2002) . Most of these bacteria were described only at the phenotypic level, using light-and electron microscopy to confirm the intranuclear location. The phenomenon of intranuclear symbiosis was investigated in more detail only for the Paramecium The intranuclear symbiont Nucleicultrix amoebiphila F Schulz et al symbionts Caedibacter spp. (Schrallhammer and Schweikert, 2009) , Holospora spp. (Fujishima and Fujita, 1985; Fokin and Gö rtz, 2009 ), 'Candidatus Paraholospora nucleivisitans' (Eschbach et al., 2009 ) and for the recently described 'Candidatus Endonucleobacter bathymodioli' in deep sea mussels (Zielinski et al., 2009) . The affiliation of most intranuclear bacteria is unknown; however, E. bathymodioli has been identified as a member of the Gammaproteobacteria, and the Paramecium symbionts Holospora and Caedibacter were described as Alphaproteobacteria, forming a monophyletic group in the order Rickettsiales (Zielinski et al., 2009; Boscaro et al., 2013) . Nucleicultrix is only distantly related to Holospora and Caedibacter species, but it groups with the latter, as well as with the cytoplasmic Acanthamoeba symbiont S40 (Figure 2b ) (Matsuo Anthropogenic Human V1-2 V4-6 V7-8
Freshwater Animal Air Soil Figure 6 Diversity and environmental distribution of 'Candidatus Nucleicultrix amoebiphila'. Phylogenetic trees based on amplicon sequences (4300 nucleotides length, 495% sequence similarity to the Nucleicultrix 16S rRNA) are shown. As 16S rRNA sequences from amplicon-based studies generally cover only short regions of the full-length gene, separate trees comprising sequences spanning variable regions V1-V2, V4-V6 and V7-V8, respectively, were calculated. Each tree depicts a subset of representative sequences retrieved from public databases. With all three data sets, Nucleicultrix-related sequences group into two distinct clades (marked yellow and green in the outer circle). Colors in the inner circle represent the environmental origin of the sequences; triangles indicate full-length sequences; the position of Nucleicultrix is labeled with an asterisk. Bars indicate an estimated evolutionary distance of 0.01.
The intranuclear symbiont Nucleicultrix amoebiphila F Schulz et al et al., 2009). We noted that-in contrast to previous analysis and 16S rRNA-based phylogenetic treesthe 23S rRNA-based tree and a tree inferred from concatenated 16S and 23S rRNA genes placed this symbiont clade outside of the Rickettsiales and together with the Rhodospirillales, which comprise mainly free-living bacteria (Figure 2a ). It has previously been shown that the relationships among Alphaproteobacteria are difficult to resolve based on rRNA gene analysis alone (Williams et al., 2007) . Although the exact affiliation of Nucleicultrix with other Alphaproteobacteria remains elusive at this point, future phylogenomic analysis might help to clarify this. Despite this uncertainty, the occurrence of the intranuclear lifestyle in only distantly related evolutionary lineages (Alpha-and Gammaproteobacteria, respectively) suggests that the ability to use the nucleus of eukaryotic cells as a niche has evolved multiple times independently in different bacterial groups.
Querying sequence databases containing environmental 16S rRNA gene sequences derived from amplicon-based studies provided a first glimpse at diversity and environmental distribution of Nucleicultrix-related bacteria. In addition to only 17 nearfull-length sequences in the main public databases Genbank/EMBL/DDBJ, this analysis recovered more than 1300 partial 16S rRNA gene sequences with similarity to the 16S rRNA of Nucleicultrix. On the basis of this data set, Nucleicultrix-related bacteria belong to either of the two phylogenetically distinct clades and occur in a variety of habitats ( Figure 6 , Supplementary Figure S10 ). The presence of nearly identical sequences in samples from geographically distinct locations and in environments where protists are typically found (such as freshwater and soil) suggests that Nucleicultrix-related bacteria occur world-wide and are likely dispersed by protozoa.
Known bacterial symbionts targeting the nucleus of their eukaryotic host cells display a number of remarkable morphologic features different from those of Nucleicultrix. Both the mussel symbiont E. bathymodioli and the Paramecium symbionts Holospora spp. show a developmental cycle with morphologically distinct stages (Zielinski et al., 2009; Fujishima and Kodama, 2012) . The shape of these symbionts alters between short coccoid rods and elongated cells with a length of up to 15-20 mm. These elongated forms represent the reproductive stage of E. bathymodioli or the infectious form of Holospora species. The latter is further characterized by a so-called invasion tip, a subcellular structure involved in the invasion of the host nucleus (Kawai and Fujishima, 2000) . In contrast, we found no evidence for different cell shapes or developmental forms for Nucleicultrix during the infection of its amoeba hosts. Nucleicultrix is also different from the Paramecium symbionts Caedibacter caryophila and C. macronucleorum, which contain characteristic 'refractile bodies' known as R-bodies that mediate the killer trait of their hosts (Schmidt and Goertz, 1987; Schrallhammer and Schweikert, 2009) . Taken together, this suggests that the strategies for host interaction are fun damentally different between known endonuclear bacteria.
After uptake into the host cell by phagocytosis, Nucleicultrix escapes the phagolysosome and is temporarily located in the cytoplasm (Supplementary Figure S6) . The exact mode of entry into the nucleus remains unknown. However, during cell division, Hartmannella and Acanthamoeba undergo open mitosis (Levandowsky and Hutner, 1979; Khan, 2009) , in which the nuclear envelope disintegrates. A conceivable scenario is that Nucleicultrix interacts with chromatin during host cell division and is enclosed in the nucleus after reassembly of the nuclear envelope. Once inside the nucleus, Nucleicultrix colocalizes with host chromatin and initiates replication. During the course of infection, the electron-dense heterochromatin gradually disappears and a white, unstructured electron-lucent space around the symbionts occurs in TEM images (Figure 1 ). This is reminiscent of nuclei of paramecia infected with Holospora spp. and suggests that endonuclear bacteria might feed directly on host chromatin (Goertz, 1986) . However, the overall neutral effect of Nucleicultrix on host fitness seems to rule out an extensive degradation of host DNA. In its original Hartmannella host, Nucleicultrix does not negatively affect growth (Supplementary Figure S9) ; the symbionts are transmitted vertically during binary fission of their host cells and amoeba cultures can be maintained for prolonged periods at high infection rates. This situation is different in Acanthamoeba host cells where Nucleicultrix is more lytic and the percentage of infected amoeba is generally lower (Figure 5 ).
Although rarely used as intracellular niche, the nucleus is a potentially attractive compartment for intracellular bacteria, as it is rich in proteins, nucleic acids and nucleoside triphosphates required for DNA replication and transcription. It also represents a shelter protecting bacteria from cellular defense mechanism in the cytoplasm. A number of bacterial pathogens that reside in the cytoplasm have evolved sophisticated strategies to target bacterial effector proteins (nucleomodulins) to the nucleus (Bierne et al., 2012) . Residing within this compartment should facilitate manipulations of the host cell by targeting basic processes in the nucleus such as gene expression or DNA replication. The identification of bacteria living in the nucleus of amoebae, which can easily be kept in culture, represents a great opportunity to further investigate molecular mechanisms underlying intranuclear symbiosis.
